A systematic study is reported of the growth of vertically aligned few layered graphene (FLG) nanoflakes on Si (100) substrates by microwave plasma enhanced chemical vapour deposition (MPECVD) method. Asymmetric grazing incident angle X-ray diffraction (GIAXRD) studies revealed a structural transformation, from nanocrystalline graphite layers to FLG, with the increase of growth time. As the growth time increased we observed a preferred vertical orientation of FLGs accompanied by a sharp decrease in the d 002 spacing. Transmission electron microscopy shows these structures have highly graphitized edge planes which terminate in a few layers (1-3) of graphene sheets. Detailed Raman studies not only support the structural transformation but also confirm that the process occurs via the sudden release of stress in nanocrystalline turbostratic graphite films. Graphical plot of all major Raman parameters (such as G peak position, I D /I G value, FWHM of D, G, and G 0 peaks) vs. growth time shows a well defined trend. Using the graphical plots a tentative trajectory of the Raman parameters is proposed, which can be very useful in understanding structural transformation during growth process. Finally, a possible growth mechanism of FLGs is presented.
Introduction
Graphene, a single sheet of sp 2 hybridised carbon atoms essentially forms the basis of all carbon nanostructures. 1 The formation of carbon nanostructures stems from the presence of topological defects in sp 2 graphene sheets and eventually the graphene sheets fold onto themselves to form structures ranging from fullerenes to carbon nanotubes. 1, 2 Recently, 2D structures such as monolayered and few layered graphene sheets have been synthesized via routes such as mechanical exfoliation, 1,2 epitaxial growth, 3 vigorous chemical exfoliation of graphite, 4 ultra high vacuum annealing of SiC surfaces, 5 chemical vapour deposition (CVD) on lattice matched substrates 6 and microwave plasma enhanced chemical vapour deposition (MPECVD). 7, 8 Some of the methods such as mechanical exfoliation from HOPG surfaces, UHV annealing and epitaxial growth are very elaborate in nature and cannot be scaled up for mass production. However, methods such as chemical reduction of graphite oxide to graphene and chemical vapour deposition (CVD) including microwave plasma enhanced CVD (MPECVD) show more promise as they can be scaled up easily while providing high reproducibility. 4 In the literature, there is no consensus in naming few layered graphene (FLG) flakes, other than FLG they are often described as carbon nanowalls, nanoflakes, carbon nanosheets etc. [9] [10] [11] In general, FLGs is entirely different from other materials like carbon nanowalls which are more commensurate with highly defective nanostructured graphite.
12
The FLG flake like structures grown without the use of any catalyst are predominantly made up of vertically stacked two dimensional graphene sheets, growing from the underlying substrate which terminates into open graphitic edge planes and sheets on top. While this catalyst free growth seems attractive especially for applications such as bioelectronics sensing and for electrochemical studies, the growth mechanism of these FLGs is not entirely understood; especially with regards to the initial nucleation stages and how the subsequent vertical alignment comes about. Earlier reports by Malesevic et al. 7 have hypothesized that the release of stress is responsible for the vertical orientation of the flakes and indicated that the growth of FLGs follows a three step process.
Here, we report the results of systematic study of time dependence growth of few layered graphene (FLG) nanoflakes. The transmission electron microscopy confirms the growth of FLG nanoflakes. We, for the first time provide direct evidence using in depth Raman and X-ray analysis that the vertical orientation of FLGs is brought about via stress release at growing graphitic edges, responsible for orientation change from an in plane growth to vertical growth. Also, we suggest that the growth of FLGs proceeds via the nucleation of highly stressed nanocrystalline graphite layers.
Materials and methods
The synthesis of FLGs was carried out in SEKI Microwave Plasma Enhanced Chemical Vapour (MPECVD) deposition system, equipped with a 1.5 kW, 2.45 GHz microwave source. The substrates used were bare n type Si wafers (10 mm Â 10 mm), cleaned via ultrasonication in acetone/DI water. The cleaned Si wafer was then placed on top of a thicker Si substrate and chamber pumped down via a rotary pump to $ 2 Â 10 700 W was excited for certain duration of time during which the substrate temperature increased to $1200 C, as monitored by an optical pyrometer on top of the chamber. CH 4 was injected at the end of pre treatment time and growth carried out for different durations of time. The samples were allowed to cool down up till room temperature under a N 2 atmosphere. In literature H 2 has been used instead of N 2 during the growth of FLGs. 7, 10 The use of nitrogen instead of hydrogen is advantageous as hydrogen plasma preferably etches amorphous as well as graphitic phases synthesised and may attack the nucleation sites during the growth process. For simplicity, the deposition conditions mentioned above is shown schematically in Fig. 1 .
Scanning electron microscopy was performed on a FEI Quanta 300D operating at 30 kV. TEM analysis was performed on a JEOL JEM-4000EX HREM operating at 100 kV, for which samples were scraped off the surface and deposited on a 300 mesh holey carbon grids. AFM studies were carried out using a Veeco Nanoman DI 300 system. In order to study the growth process of FLG system, Raman spectroscopy was performed using an ISA LabRam system equipped with a 632.8 nm He-Ne laser with a spot size of $ 2-3 mm, yielding a spectral resolution of better than 2 cm
À1
. Due care was given to minimise sample heating by using a lower laser power below 2 mW. Grazing incident angle X-ray diffraction (GIAXRD) studies were carried out on a Bruker D8 advance XRD system with a Cu Ka radiation (0.154 nm) with a 0.06 degree step size and an acquisition time of 15 s/step. Scans were also performed in triplicate at 0.02 degree step size and an acquisition time of 60 s per step to accurately determine the C(002) peak as well as corresponding d 002 spacing.
Results and discussion

Growth of FLGs
The overall morphology and structure of the FLGs were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM) and transmission electron microscopy (TEM). Fig. 2 shows the SEM images of the FLGs at various growth times from 15 s to 10 min. The films consist of flake like structures with randomly interwoven sharp edges with open spaces between them. As evident from the SEM images of Fig. 2 , with the increase in the growth time, the degree of interlinking increased along with an overall increase in the height of the flakes. It is worthwhile to point out here that during the initial growth stage, there is some degree of interlinking however many sheets could have folded under their own weight, thus displaying orientations spread out from 0 to 90 with respect to the substrate (Fig. 2a) . At higher growth times, the enhanced interlinking possibly makes the structures stiffer and thereby making them stand perpendicular to the surface more (Inset Fig. 2d ). (Fig. 4) confirmed that the flakes were indeed made up of large number of edges with the presence of graphene layers and graphitic steps. Low magnification image shows a crumpled sheet like morphology and with sheets possibly stacked over one another, it produces a variation in thickness under the electron beam and hence the contrast can be observed. The flakes show predominantly a knife like structure with a thicker base $ 15-20 nm which constantly narrows down along the axial growth direction, until at the top where there are only 1-3 graphene layers present. The calculated (002) plane spacing of 0.342-0.339 nm from XRD, also confirmed by TEM is more 14 Also, no amorphous carbon deposition was detected on the outside of FLG unlike those found during the growth of carbon nanowalls on SiO 2 .
15 Thus, the FLGs deposited by this method show a higher crystallinity than carbon nanowalls and nanosheets reported earlier.
X-ray diffraction study
The preferred orientation of various aligned carbon nanostructured systems such as aligned CNTs has been studied by techniques such as Near Edge X-ray Absorption Fine spectroscopy (NEXAFS), however they require intense tunable source of soft X-rays which are available at synchrotron stations only. [16] [17] [18] In our case we have made use of asymmetric grazing incident angle X-ray diffraction (GIAXRD) to assess the preferred orientation of FLG system and provided evidence of their growth mechanism. Similar XRD geometry has been used in the past by other groups to assess vertical alignment of carbon nanowalls. 13, 19, 20 Fig . 5 shows the asymmetric XRD scans for varying growth times from 15 s to 10 min. Fig. 6 shows the variation of the diffraction angle and FWHM of the (002) peak as a function of growth time. The peaks in the XRD scans correspond to the hexagonal graphite structure. With the increase in the growth time, the increase in the intensity and reduction of the Full Width at Half Maxima (FWHM) of C (002) peak can be observed. Also, the carbon peak at approx. 2q ¼ 42. 7 , corresponding to a combination of turbostratic graphite and crystalline graphite appears to be building up at longer growth times. 13, 19 Turbostratic carbon is essentially a two dimensional structure in which even though the interlayer distance (0.342 nm) approaches that of crystalline graphite (0.335 nm), they possess no periodicity as the layers are misaligned to each other either by translation or rotation.
19,21 The (00l) reflections are observed due to the consistent layer spacing, but for truly crystalline material such as HOPG, only full (hkl) indices reflections can be observed.
19,21
While there are conflicting reports by French 13, 19 and Yoshimura 20 on the presence of turbostratic carbon in FLG and FLG like systems, the peak position and peak shapes observed are indicative of the presence of turbostratic carbon. Previous reports by French et al. 13, 19 have confirmed the presence of turbostratic graphite in carbon nanosheets. As the growth time increases the reduction in the FWHM of the C (002) peak, along with the increase in the relative intensity can be observed, indicative of higher crystallinity, accompanied by an upshift of the C (002) 2q peak (Fig. 6) . Calculation of the graphene interlayer spacing revealed that there is a significant reduction in the d 002 spacing as the growth time is increased, from 0.342 nm for 20 s growth time to around 0.339 nm for 10 min growth (Fig. 5  inset) . The increase in the stacking along the z axis, along with a reduction in the d 002 spacing can be attributed to the increased number of graphene layers being added to the flakes, which increase the long-range, inter atomic attractive forces causing the sheets to collapse together and thereby decreasing the d 002 value. These results are consistent with results previously observed by French et al. 13 Recent computer simulation results show that the curvature of the graphene layers have significant impact on the FWHM and diffraction angle of C (002) peak. The decreases of FWHM and increases of C (002) peak position with increasing growth time (Fig. 6 ) can also be related to the decrease of curvature of graphene layers, as in this case overall curvature decreases due to the increased number of graphene layers with deposition time.
Also, in Fig. 5 the change in the peak shape of C ((10) + (100) + (101)) peak can be observed and becomes increasingly symmetric at higher growth times. At lower growth times (at 15-20 s) the peak at 2q ¼ 42.7 cannot be observed, however there is a gradual build-up of the peak after 30 s of growth time. It is not possible for a sample with adequate layers stacked together to yield (00l) reflection and not also yield (hk) reflection, the absence of this peak at small growth times can thus be attributed to a change in the average orientation of the layers in the sample.
13,19
Raman spectroscopy
The Raman spectra of nearly all carbon based material exhibit at least three to four major bands, denoted as D, G, D 0 and G 0 (2D) band. [22] [23] [24] The defect induced band, D, does not have any dependence on the number of graphene layers but only depends solely on the amount of disorder present. [16] [17] [18] [22] [23] [24] The G peak corresponds to the stretching vibration mode, E 2g phonon at the Brillouin zone centre. The D 0 peak originates from the symmetry breaking due to finite sp 2 crystallite size and appears as a shoulder of the G band. 25 In recent report, 26 the origin of Raman D and D 0 bands is clearly understood by double resonance theory. The D band is associated with an inter-valley double resonance process, whereas the D 0 band comes from an intra-valley double resonance process. 26 The 2D peak is the second order of the D peak which originates via a participation of two phonons with opposite wave vectors (q and Àq) leading to momentum conservation. The appearance of D peak requires defects whereas the 2D band does not require defects for its activation. Thus, the appearance of 2D peak is treated as a fingerprint of crystalline carbon materials. [25] [26] [27] The transition from bulk graphite to nanocrystalline graphite and vice-versa produces pronounced effects in the Raman spectra, especially with the intensity ratio of the D and G peak, I D /I G . The smaller crystalline grains as well as the interdefect distance produces higher I D /I G ratio, along with an increased FWHM (G) of the bands.
22-25
Fig . 7 shows the normalized Raman spectra of FLG samples at various growth times and provides important insights into the nucleation and growth of FLGs. It can be clearly observed that the nucleation of FLGs starts in between 10 and 15 s after the injection of CH 4 into the chamber, suggesting that there is a 10-12 s lag time in the nucleation of in-plane basal graphene sheets and onset of subsequent vertical alignment which is the growth phase. This lag time is far less than those reported for Radio Frequency Plasma Enhanced Chemical Vapor Deposition (RF PECVD) system used by other research groups. 10 The primary reason for this is that the effective electron and flux densities in microwave plasma are at least two orders higher than an inductively/capacitively coupled RF plasma source. Resemblance (shape of the peaks and position) of the Raman spectra of samples grown between 15 and 20 s (Fig. 7) were very similar to the nanocrystalline graphite. 28 As growth time increased, D peak intensity decreased and G peak intensity increased progressively. Also, the peak position of the D band moves from 1328 cm À1 for 20 s growth time to 1336 cm À1 for growth time of 10 min, whereas the G 0 band moved from 2658 cm À1 to 2665 cm À1 for above mentioned growth time (Fig. 7) . These phenomena may be linked to the overall increase in the number of edge planes which are continuously being added by the increase in the number of graphene layers causing an enhanced interlinking between flakes. The D band is accompanied by a shoulder near 1620 cm
À1
, whose intensity decreases with the increase in growth time. The appearance of this band has been associated with the presence of the crystalline edge and has also been related to the lattice defects present in the crystal.
29-31
We have attempted to elucidate the growth mechanism by analysing the Raman parameters of films across a range of growth times from 10 s to 10 min. To obtain the peak positions and widths correctly, fit of the first order spectral bands was performed with Lorentzian function for D and G band and a Gaussian function for the D 0 band. This provides a natural convergence and does not induce any shifts in the G band. 32 The fit of second order spectra (G 0 ) was performed using Lorentzian functions. Apart from structural characterisation, in the past Raman spectra has been used for residual stress measurements in thin diamond like carbon (DLC) films. 33 More recently, it has been applied to stress measurement in graphene. 34 Usually, an increase in the stress is accompanied by the movement of G band to higher wave number. Fig. 8 shows the plot of G peak position and I D /I G ratio as a function of growth time. The G peak position sharply decreased by $ 5 cm À1 as the growth time increased from 15 s to 30-60 s. The blue shift of G band has been previously attributed to an increase in the strong compressive strain of graphene layers. 34 Also, G peak movement has recently been attributed to the change in the number of layers by Gupta et al. 35 Thus, a red shift in the observed G band position in our study could be a combination of reduction in the compressive stress and an increase in the number of layers. After 60 s of growth time, there is a slight increase of G peak position which is possibly due to the formation of graphitic nanoflakes at higher growth times. The I D /I G ratio in our samples showed a similar trend to the G peak positions with the change in the deposition time (Fig. 8) . In carbon based nanomaterials, I D /I G value changes due to the following two factors. Firstly, defects in crystalline structure and secondly, due to the edge defects (such as edge shape and curvature). At the onset of nucleation at 15 s growth time, I D /I G ratio is very high ($ 2.1) with a large G FWHM (G) of 40 cm À1 indicating that these nucleation sites are predominantly made up of highly defective/distorted nanocrystalline graphite in the form of graphene sheets. However, increase in the growth time from 15 s to 30 s immediately improves the overall crystallinity, as seen by the drastic change in the I D /I G (0.93) ratio. As the growth time increased beyond 60 s, I D /I G ratio started to increase again due to an increased number of edges present on the surface as well as their more inclination towards vertical direction, which contribute heavily towards the Raman scattering. Above 5 min of growth time we did not observe any increase in the value of I D /I G . The high value of I D /I G ratio, as compared to recent works by other groups observed is caused by a large number of edges normal to the surface and the high density of these flakes on the surface.
7,36,37
For carbon based materials the excitation energy has a strong correlation with peak positions and peak intensities and a part of the high I D /I G ratio may be attributed to the longer excitation wavelength used in this study. Also, the values of I G /I G 0 followed a similar trend to the I D /I G values, with a minimum value of $ 0.9 at 30 s growth time.
The FWHM values (G) of all the bands, depicted in Fig. 9 follow a similar trend where they rapidly reduce during the initial nucleation and growth of the structure and then increase with the increase in growth time. For graphitic films, a low I D /I G ratio and a narrow FWHM of the G band are indicative of a higher quality film. 38 We observed a dramatic reduction in the G band FWHM to $ 22.5 cm À1 from 40 cm À1 (Fig. 9) for the films grown at 30 s. One of the indicators of FLG like systems is the narrow FWHM of the G 0 band near 2650 cm À1 along with the absence of a shoulder. 7, 39 In our studies the G 0 FWHM reduced from about 60 cm À1 at 15 s to about 40 cm À1 for 30 s and this value does not changed significantly up to 60 s growth. As reported by other groups, the value of FWHM for few layered graphene like systems lies within the range of 35 to 50 cm À1 .
6,40
The FWHM of G 0 band is also reported to be $25 cm À1 for monolayer graphene.
26 Similar nature and shape of the G 0 band was found by Malesevic et al. in their growth of few layered graphene system on silicon and other metals.
7 It is also in agreement with previous results by various authors who have observed for CVD derived few graphene layers on SiC and metals, one, two and three layered graphene samples, all exhibit a single and sharp Lorentzian G 0 band. 6,7,39,41-44 For higher growth times above 5 min, the FWHM increased due to increased number of edges present on the surface as well as the edge thickness which contribute towards the Raman scattering. The I D /I G value has been used extensively to evaluate the in plane sp 2 crystallite size, La, in disordered carbon materials. In this report, we have determined L a from the following general formula described by Cançado et al. for nanographitic material, for any excitation energy (E L ) of laser source: Fig. 9 also shows the plot of L a vs. growth time. The full width at half maximum (G) of all peaks was roughly proportional to 1/L a , showing the phonon life time (s) was proportional to crystalline size.
Taking into account the plots of (i) FWHM of all peaks, (ii) G peak position, (iii) I D /I G ratio and (iv) L a vs. growth time and their quantitative values, the following observations can be made: (i) the first stage of growth (nucleation) process exhibit a high density of defects inside the stressed nanocrystalline graphite. (ii) After 20-30 s of growth a stress release mechanism leads to phase transformation from highly stressed nanocrystalline graphite to few layered graphene. This is clearly indicated by the sharp change of all the Raman parameters. (iii) The optimum time range for growth of FLG systems is between 30 s and 60 s, (iv) beyond 60-90 s, Raman parameters did not show any significant change possibly due to the addition of multiple graphene layers. Based on the above observations a simple trajectory (shown by arrows) of all Raman parameters with respect to growth time is shown in Fig. 8 and 9 . This trajectory can be divided into three different regimes. Region I is described as a nano-crystalline graphitic region, where a high density of defects exists. The structures existing within this regime are highly stressed with a turbostratic graphite like structure as evident by an upshift of the G band to higher wavenumbers. This, along with an enhanced d 002 spacing of 0.342 nm as well as the high Raman FWHM of the G 0 band provides a compelling evidence of the existence of highly stressed turbostratic nanographite in region I. Region II can be ascribed as the growth window for few layered graphene (FLG) like system. It is characterised by a dramatic reduction in the Raman FWHM of the G 0 band as well as a red shift of the G band. The evidence for FLG like system is also provided by the TEM images shown in Fig. 4 . Finally, region III is attributed as the initial stage of graphitic nanoflakes. In this regime, there is an addition of large number of graphene sheets causing an increase in the edge thickness. The addition of these multiple layers leads to an increase in the long-range interatomic attractive forces causing the sheets to collapse together. This manifests into an up shift of 2q position and a calculated d 002 spacing of 0.339 nm approaching that of graphite (0.335 nm).
In general, high resolution TEM (and corresponding selected area electron diffraction) and X-ray diffraction studies are employed to evaluate stacking order in graphitic materials. Recently, Raman studies on heat-treated disordered graphite films, showed that the G 0 peak shape, width and positions can be used to infer information about the degrees of stacking order.
45
For the FLG samples we observed a clear variation in the G 0 line shape ( Fig. 7 and Fig. 9 ). At the initial stage G 0 peak is wider, the peak becomes sharper and more intense as the growth time increase and finally wider again as the growth time was further increased (Fig. 9) . At the initial stage single Lorentzian with larger linewidth is the signature of 2D graphite, hence no stacking order between adjacent graphene layers. 45 At the second stage sharp G 0 line, indicates that an ordered stacking (i.e., ABAB stacking) has formed in some regions of the FLGs. Although G 0 width increases significantly at higher growth time, we have not observed two-peaks in G 0 line, which is the typical profile for the 3D graphite samples. This suggests electronic coupling between graphene layers may not occur in all regions of the FLGs and there is a certain degree of ABAB stacking disorder. 6 This interpretation is consistent with our transmission electron microscopy studies, where we found local stacking order of graphene layers was not the same all over the samples but a continuous reduction of graphene layers on the top knife edges (Fig. 4) .
In Fig. 10 we have highlighted the possible growth mechanism using schematic and AFM measurements. The growth proceeds via the nucleation of highly stressed and defective nanocrystalline graphite which do not have any stacking order, except for lattice spacing matching close to that of turbostratic graphite present as graphene sheets which starts to grow parallel to the substrate. As the number of graphene sheets being added start to increase, there is an increase in the size of the flake in all directions (Fig. 10a) This increase in the flake size accompanied by other internal stress inducing factors such as temperature gradient and ion bombardment, causes higher stress at grain boundaries of individual flakes. The interaction between the edges of these growing nanoflakes promotes a release of stress thereby causing a change in the overall alignment of these nanoflakes from being parallel to the substrate to that of being vertically aligned (Fig. 10b) .
7,10,46 Fig. 10c and Fig. 10d show the AFM image of FLGs at growth times of 20 and 60 s. It was observed that FLGs present a robust net-like structure with a high degree of interlacing which increases with growth time. At 60 s (Fig. 10d) of growth an optimal wall like structure can be clearly observed while at longer growth times an increase in the individual wall thickness can be observed (not shown here). Also, in plasma based growth systems, the effect of electric field in promoting vertical alignment cannot be ruled out. Bower et al. have shown previously that aligned carbon nanotubes can be grown perpendicular to the local substrate surface, regardless of the surface tilt. 47 This alignment is induced by the electrical self-bias field imposed on the substrate surface from the plasma environment. In the growth of FLGs, once the geometry of the sheets has turned from in-plane to out of plane via stress release as shown in Fig. 10b , the high surface mobility of incoming carbon-bearing species and the induced polarization of graphitic layers causes the FLGs to grow perpendicular to the substrate. 10 In a high carbon bearing flux environment any carbon-bearing species which diffuse towards the in plane growth region of substrate instead of the growing edges (acting as nucleation centres) will get re-evaporated because of weak Van der Waals interaction between the substrate and the carbon-bearing species.
10 Thus, at an optimal growth time, this accounts for the wall like morphology observed in the AFM image of Fig. 10d which essentially terminates into 1-3 layers of graphene at the top.
Conclusion
Few layered graphene (FLG) nanoflakes were deposited on Si substrate with preferred vertical orientation and possessing a large number of highly graphitised knife like edges. The XRD analysis show an increased crystallinity evident by reduction in FWHM and an upshift in the C (002) position. By analyzing the changes in the Raman parameters with the structural information obtained by X-ray diffraction and microscopic studies, we show that the growth of these FLGs proceeds via the nucleation of highly stressed nanocrystalline turbostratic graphite and the vertical orientation is brought by the release of stress at longer growth times. Dispersion of Raman parameters with deposition time provide direct experimental evidence of phase transformation from turbostratic graphite to FLG. Three clear regions in the trajectory of all Raman parameters proved to be effective in classifying three different phases; nanocrystalline graphite, FLGs and graphitic nanoflakes. These FLG systems could have potential applications in electrochemical based biosensors, field emission sources and catalysis.
